Abstract: We report on the growth of thin films of yttrium iron garnet (YIG) on dielectric substrates. Such films have historically been challenging to grow due to either cracking or incomplete crystallization of the films. We have established the proper growth parameters by tuning seed layer thickness to an optimum of 45 nm. These films were then used as seed layers for growth of films of Bi:YIG and Ce:YIG. Bi:YIG films show a Faraday rotation of 1700 =cm, and Ce:YIG films show a Faraday rotation of 3700 =cm.
Introduction
The exponential rise in digital data transmission in the telecommunications industry is motivating the development of devices capable of higher bandwidth and increased simultaneous throughput. Current hardware data transmission capabilities will approach their limit within a few years, necessitating novel solutions in order to maintain such growth. In addition to this, metal wires are going to be insufficient for interconnects for microprocessors with increasing computation power. Both of these issues have a common solution in photonic circuits. Optical switches offer the ability to solve the limitations of data transmission across optical networks by using all optical signals [1] . The problem of interconnects can be resolved through the use of optical resonator structures [2] , [3] . These technologies both harness the power of light as a data transmission medium, breaking the limits that have been set by technologies that utilize electricity and transduction. With light being the new way to transmit data, the need for non-reciprocity, which is the breaking of time reversal symmetry to prevent reflection of light, will stand as one of the fundamental challenges of the integrated photonics industry. Indeed, non-reciprocal devices are already essential components in any optical system, although only available as discrete components, because they protect laser sources from back reflections and prevent instability in the source laser.
This great need for non-reciprocal integrated photonic devices has been a major factor in the development of yttrium iron garnet (YIG, Y 3 Fe 5 O 12 ) as an industrial material due to garnet's exhibition of the Faraday magneto-optical effect and high transparency in the telecommunications band of the infrared spectrum. State-of-the-art growth technologies use liquid phase epitaxy (LPE) and garnet substrates, such as gadolinium gallium garnet (GGG), for discrete components, such as isolators and circulators. However, the next generation of photonic circuits and Boptical network on a chip[ solutions will require monolithic integration. This has motivated research into integration of YIG with semiconductors for the development of a monolithically integrated non-reciprocal device. Advances in this field have progressively overcome various material compatibility issues, including lattice mismatch and a dramatic difference in the thermal expansion coefficient, as well as difficulties in the addition of substituents. The two common substituents used to enhance the Faraday effect, bismuth and cerium, have a tendency to crystallize into secondary oxide phases, rather than substituting for Y in a single-phase garnet structure. Other research has attempted to entirely circumvent such material compatibility issues, opting for hybrid methods to achieve nonreciprocity. One approach to overcome the integration challenges associated with YIG has been to bond LPE-grown films onto silicon or SOI platforms [4] . It has been demonstrated, however, that YIG can be grown directly on semiconductor substrates by sputtering or pulsed laser deposition. By the reduction of the lateral dimension, the effects of thermal processing of YIG layers has been minimized, and waveguides without cracks or delamination have been demonstrated [5] , [6] .
Reduction of the vertical dimension of YIG films will also eliminate cracks, and recently substituted YIG was grown using a two-step deposition method. The method involved the deposition of an ultrathin (20 nm) layer of YIG, which was too thin to develop cracks. This film then acted as a seed layer for the growth of a second layer with a substituent in it [7] . This method was used to create an SOI ring resonator with a relatively high non-reciprocity despite incomplete crystallization of the film [8] . YIG has also been integrated with GaAs by deposition of a YIG cladding onto a GaAs waveguide. Polarization rotation was achieved despite incomplete crystallization, and by patterning the YIG layer into stripes, quasi-phase matching was achieved in the waveguide [9] . Other research has emerged that completely abandons YIG in favor of more semiconductor-friendly materials. One successful method involved depositing ferromagnetic metals on top of cladded semiconductor waveguides. The losses in the forward direction were lower than those in the backward direction due to the magnetization of the metal [10] , [11] . Although the method provided 20 dB of isolation, amplification by a quantum well was required, and therefore, power was also required for device operation. Another approach has been to create non-reciprocity using an all-semiconductor technique. Theory showed that silicon with electrically induced dielectric perturbations could be used to modulate forward guided modes such that they propagated at a different frequency than the backward guided modes, thereby facilitating non-reciprocal frequency filtration [2] , [12] . These methods mitigated the issue of YIG integration, but they did not use passive elements and, relative to a magneto-optical isolator, power consumption presents an undesirable tradeoff.
In this paper, we present substituted garnet films fabricated by the two-step method with high Faraday rotation coefficients due to optimized crystallization of the YIG seed layer and subsequent Ce-and Bi-substituted YIG claddings. These films will greatly improve the non-reciprocity of magneto-optical devices and therefore represent major progress in the development of the ideal material for such devices. YIG layers with thicknesses from 7.5 nm to 45 nm were deposited by reactive sputtering and then crystallized by rapid thermal anneal to form the garnet phase. Through extensive characterization, we were able to identify the optimum parameters for growth of entirely homogeneous YIG films. These films were used as seed layers for Ce:YIG and Bi:YIG films with 3700 =cm and 1700 =cm, respectively.
Fabrication Method
YIG seed layers were fabricated by rf sputter deposition followed by rapid thermal anneal. Deposition of seed layers was performed with a 200 W argon plasma and a composite Y 3 Fe 5 target in a sputter-up configuration. The deposition was performed with a 1.9 sccm oxygen flow, and argon was flowed at a level consistent with maintaining a chamber pressure of 6.0 mtorr. Films were annealed for two minutes at temperatures ranging from 800 C to 850 C in an oxygen atmosphere.
The films annealed at 825 C were used as seed layers for substituted films. Cerium YIG films were also deposited in a sputter-up configuration with Y 3 Fe 5 and Ce targets. The plasma was set to 200 W for the Y 3 Fe 5 target and 20 W for the Ce target. Films were deposited in a 1.9 sccm flow of oxygen and 6.0 mtorr chamber pressure. Films were annealed in oxygen at several temperatures ranging from 700 C to 825 C. Bismuth YIG films were deposited with separate Y, Fe, and Bi targets in a sputter-down configuration. Argon plasma power was set to 220 W for iron, 140 W for yttrium, and 20 W for bismuth. Oxygen was flowed into the chamber at 1.8 sccm. Films were annealed at 825 C for two minutes in oxygen.
Results

Initial YIG Thin Film Seed Layer Characterization
Initial YIG thin films had a thickness of 35 nm by profilometry. X-ray diffraction (XRD) patterns of the YIG thin films, which are shown in Fig. 1 , are consistent with the YIG phase and do not show the presence of any other crystalline phases. This would indicate phase purity in the YIG films, but visible light microscope images like those in Fig. 2 , as well as SEM images, reveals a different result. In fact, the films are composed of two different phases. One phase is a series of small circular spots, and the other its surrounding matrix. The absence of any other phases in the XRD Fig. 1 . XRD pattern of a YIG thin film. results would indicate that one of these phases is the crystallized YIG film, and the other is an amorphous phase. For a detailed characterization of inhomogeneous thin films, it is necessary to use a method capable of precisely establishing the exact morphology of such films. XRD does not possess the spatial resolution to accomplish this, and thus, electron backscatter diffraction (EBSD) was used to investigate the structure of the YIG thin films. EBSD data is shown in Fig. 3 . The legend in Fig. 3 shows the RGB colors associated with each crystal direction. This means that a grain with the {100} direction oriented in the vertical direction of the micrograph will appear in red, {110} oriented grains will appear in green, and {111} will appear in blue. All other orientations will be a direction between these and will appear in another color associated with its direction. The multicolored pattern in Fig. 3 indicates that the film is polycrystalline with no preferred orientation. The absence of color in the surrounding region indicates that it is amorphous. The spots are individual crystal grains of 2-3 m, whereas the surrounding material has not fully crystallized. This indicates that the YIG films are not fully crystallizing during the annealing process.
Characterization of Second Layer and Effectiveness of Seed Layer
Despite incomplete crystallization, it is still possible to use these films as seed layers for the growth of a second YIG layer containing a substituent. This is shown in the XRD spectra of Fig. 4 , which shows the layers of Ce:YIG and Bi:YIG grown with and without a seed layer. These images reveal the necessity of a seed layer in the formation of substituted garnet films on silicon. Fig. 4(a) shows the XRD spectrum for Bi:YIG. Without a seed layer, Bi:YIG may form some of the garnet phase, but there are clearly other phases present that inhibit the quality of the film. By contrast, when grown on a seed layer of YIG, Bi:YIG forms into the garnet phase only. Ce:YIG, as shown in Fig. 4(b) , exhibits similar results. When grown without a seed layer, there is some formation of the Ce:YIG phase, but this is significantly improved when grown on a seed layer.
Improvement of Seed Layer Crystallization
While the YIG thin films that were fabricated do show efficacy as seed layers, complete crystallization would improve magneto-optical performance and transparency. One of the more important characteristics of the film that affects crystallization is film thickness. Seed layers of incrementally larger thicknesses from 7 nm to 45 nm were deposited and annealed to observe their crystallization properties. Fig. 5 is a composite image taken from six SEM images for each of the increasing thicknesses and formed into a single picture. Atomic force microscopy of these films showed a surface roughness of 2 nm in all films, and there was no difference in height between the crystals and the surrounding amorphous material. To establish the crystallization of each film, each of the pictures was graphically analyzed for the area fraction of crystallization. Each crystallite was outlined in ImageJ software, and an area fraction of crystallization was determined.
In this image, there is a clear trend that shows improved crystallization of the film with greater film thickness. The thinnest film of 7 nm has almost no crystallization at all. A small increase in thickness to 15 nm leads to a dramatic increase in film crystallization. Further increases continue this trend until an optimum thickness is reached at 45 nm where the film fully crystallizes. Increasing the film thickness beyond this point will increase the potential for cracking in the YIG seed layer.
The homogeneity of the YIG films is essential in their use as a seed layer. To demonstrate this, Ce:YIG films were grown on each of the six thicknesses of YIG seed layer from Fig. 5 to investigate how the seed layer crystallization affects growth of the second layer. Fig. 6 shows the XRD spectrum for each of these YIG and Ce:YIG layers. For the Ce:YIG grown on the thinnest YIG layer, the film did not act as an effective seed layer and the Ce:YIG phase did not form. There is a progressive improvement with greater thicknesses of the YIG seed layer until, with the 45 nm seed layer, the Ce:YIG forms most effectively into the garnet phase.
Bismuth YIG Film Growth and Properties
Bismuth YIG films were 144 nm as measured by ellipsometry. Due to the low melting point of Bi, power must be limited to 20 W to prevent the ablation of large particles of Bi onto the surface of the film. This power is still sufficient to deposit bismuth and will yield films with a yttrium to bismuth ratio of approximately 1 : 6 according to energy dispersive spectroscopy (EDS). AFM shows a surface roughness of 30 nm. Magneto-optical characterization of these films shows a Faraday rotation of 1700 =cm for 1550 nm light. Bi:YIG can also grow on MgO substrates, and when grown on MgO, a seed layer is not necessary. The film will form into an orthorhombic variation of the YIG phase. These films were shown to have a Faraday rotation of 1700 =cm like those grown on Si substrates.
Cerium YIG Film Growth and Properties
Growth of Ce:YIG is a highly temperature sensitive process indicating a higher thermal expansion coefficient than YIG or Bi:YIG. When annealed at or below 750 C, thermal stress is not enough to cause damage to the films. Films in Fig. 7 (a) were annealed at 750 C and did not crack from thermal stress. Films grown at 800 C in Fig. 7(b) show severe cracks. For this reason, further films were grown at 750 C for magneto-optical characterization. Films were 80 nm as measured by ellipsometry. AFM measurements show a surface roughness of less than 2 nm.
Magnetic characterization of Ce:YIG was performed by vibrating sample magnetometry, as shown in Fig. 8 . This curve shows a coercivity of 90 Oe. Faraday rotation measurements were also performed for cerium YIG at 1550 nm. The hysteresis loop for Faraday effect in Ce:YIG is shown in Fig. 8(b) , which shows the rotation of the YIG-Ce:YIG bilayer on silicon. Calculating for effects of the seed layer, this corresponds to a Faraday rotation for the films of 3700 =cm at a field of 2400 Oe. The curve shows a paramagnetic effect, in which the film has not been fully saturated as a result of shape anisotropy due to the fact that Faraday rotation is measured normal to the plane of the film. This corresponds well to the VSM data of Fig. 8 , which shows a saturating field of 2000 Oe. Film loss measurements were carried out by spectroscopic ellipsometry for Ce:YIG films. These results are shown in Fig. 9 . Ellipsometry measurements at 1250 nm give an absorption of 7.5%, corresponding to an absorption of 7.9 dB/mm in the YIG-Ce:YIG bilayer.
Conclusion
The optimal growth parameters of YIG were explored, and an optimum thickness of YIG films has been established. These films have been fully crystallized and have been demonstrated as effective seed layers for the growth of Bi:YIG and Ce:YIG. The growth characteristics of Bi:YIG and Ce:YIG have also been explored and optimized substituted YIG films have been fabricated. Bi:YIG films have Faraday rotations of 1700 =cm, and Ce:YIG films have Faraday rotations of 3700 =cm at a field of 2400 Oe. Films such as these would greatly improve the performance of monolithically grown non-reciprocal devices and represent significant progress in the growth of magneto-optical films.
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